Abstract: Background: Proteotoxic stress and transforming growth factor (TGFβ)-induced epithelial-mesenchymal transition (EMT) are two main contributors of intraocular fibrotic disorders, including proliferative vitreoretinopathy (PVR) and proliferative diabetic retinopathy (PDR). However, how these two factors communicate with each other is not well-characterized.
INTRODUCTION
Intraocular fibrotic disorders, including proliferative vitreoretinopathy (PVR) and proliferative diabetic retinopathy (PDR), are the leading causes of visual impairment. PVR is a common complication of retinal detachment and ocular trauma. PVR occurs in 5%-10% of treated rhegmatogenous retinal detachment cases, and is currently the major challenge to a successful retinal reattachment surgery, accounting for approximately 75% of primary surgical failures [1] . PVR is characterized by the formation of fibrotic membranes in the inner surface of neural retina, the sub-retinal space, the vitreous base, and the ciliary body. These membranes compromise the retina flexibility, and the contraction of the membranes will result in macular pucker, retinal detachment, or ocular hypotony. On the other hand, PDR is presented as retinal neovascularization, vitreous hemorrhage, and fibrovascular proliferation in the vitreous retinal interface. Approximately 1.5% of patients with diabetes will develop PDR [2] . Despite the advances in pharmacological and surgical techniques, prevention and treatment strategies for PVR and PDR are still limited. PVR and PDR. Under physiological conditions, RPE cells are mitotically inactive. However, the dysfunction of blood-retinal barrier (BRB) in PVR and PDR exposes RPE cells to various growth factors in the vitreous body, and consequently simulates RPE cells to proliferate, migrate towards the vitreous body, and undergo EMT. During EMT, RPE cells rearrange cytoskeletal architecture, lose cell polarity, acquire mobility, and transdifferentiate into fibroblast-like cells. Of all the growth factors, transforming growth factor β (TGFβ) is the most potent inducer of EMT [3, 4] . During the development of PVR and PDR, TGFβ is significantly upregulated in aqueous humor and vitreous body [5, 6] . The canonical TGFβ pathway is mediated by the phosphorylation of Smad2 and Smad3, which then translocate into the nucleus and subsequently upregulate the expression of mesenchymal markers, including α-SMA, fibronectin (Fn), and vimentin (Vim) [7] [8] [9] . Additionally, TGFβ can also initiate EMT though non-canonical pathways. For example, TGFβ can activate mitogen-activated protein kinases (MAPKs), including extracellular signalregulated kinase 1/2 (ERK1/2), p38 MAPK, and c-Jun N-terminal kinases (JNKs), and regulate cell proliferation, migration, and differentiation [10, 11] . Also, TGFβ can promote phosphorylation of protein tyrosine kinases (PTKs), such as focal adhesion kinase (FAK), which also plays a functional role during EMT [4] . Therefore, inhibition of TGFβ-induced EMT is considered as a promising therapeutic intervention for PVR and PDR.
Another important contributor to the pathogenies of PVR and PDR is proteotoxicity triggered by oxidative stress. RPE cells are critical nursing cells of the photoreceptors, and are prone to damage caused by environmental stresses. During the development of PVR, retinal detachment and ocular trauma induce an inflammatory response, causing oxidative damage to the retina. Oxidative stress also contributes to the formation of PDR, as evidenced by an increased level of various oxidative stress markers in the vitreous body of diabetic retinopathy patients [12] . Prolonged oxidative stress significantly increases intracellular accumulation of unfolded or misfolded protein levels through direct damage to the protein structure [13, 14] . Notably, oxidative stress also impairs essential components in the ubiquitin-proteasome pathway (UPP) [14, 15] , which is an essential protein quality control system that selectively degrades unfolded, misfolded, or damaged proteins [16] . For example, in Parkinson's disease, the vulnerability of dopaminergic neurons is exacerbated by oxidatively damaged and aggregated α-synuclein that compromises the UPP function [17] . Additionally, chronic oxidative stress leads to a marked decline in proteasome activity in trabecular meshwork cells, which is associated with glaucoma pathophysiology [18] . Our group and others have demonstrated that the proteasome in retinal pigment epithelium is susceptible to oxidative damage [15, 19, 20] , and that inactivation of proteasome activity results in overproduction of proinflammatory cytokines, which may contribute to the development of agerelated macular degeneration [20] .
TGFβ-induced EMT and stress-induced proteotoxicity are closely interrelated; however, the relationship between the two is still controversial. Several studies suggested that EMT can be induced under proteotoxic stress, and that EMT can be considered as a cellular adaptive response to adverse environmental conditions. For example, heat shock factor 1 (HSF1), a transcription factor responsive to proteotoxic stress, is markedly elevated in various cancers as a potent EMT promoter [21] . In renal epithelial cells, chronic oxidative stress can induce EMT as evidenced by markedly upregulated expression of mesenchymal markers and increased cell motility, leading to carcinogenesis [22] . In liver cancer cells, inhibition of proteasome gene expression or inhibition of proteasome activity by MG132 causes EMT-like changes [23] . However, other studies reported that EMT can be suppressed under proteotoxic stress. For example, in lens epithelial cells, TGFβ-induced EMT and cell migration can be significantly inhibited through treatment of MG132, which is considered as a target of medical therapy for posterior capsular opacification after cataract surgery [24, 25] . Similarly, in human mammary epithelial cells, MG132 leads to reduced EMT as evidenced by elevated level of E-cadherin, an epithelial marker [26] . In human RPE cells, the crosstalk between TGFβ-induced EMT and proteotoxic stress is not clear. Understanding how proteotoxic stress affects TGFβ-induced EMT is essential to unlock the therapeutic potential of proteasome inhibitors in the treatment of PVR and PDR.
Here, we seek to address the relationship between TGFβ-induced EMT and proteotoxic stress in RPE cells. We have characterized the effect of proteasome inhibition on EMT and TGFβ signaling in both RPE cell line and primary human RPE cells isolated from human healthy donor eyes. Our results identify a negative regulatory role of proteotoxic stress on TGFβ signaling through receptor downregulation, and suggest a complex interplay between proteasome dysfunction and EMT during the pathogenesis of PVR and PDR.
MATERIALS AND METHODS

Isolation of Human RPE Cells
A pair of human eyes from a 2 years old donor was obtained from the eye bank of Zhongshan Ophthalmic Center. The research protocol was approved by the Institutional Review Board/Ethics Committee of the Sun Yat-sen University and the tenets of the Declaration of Helsinki were followed throughout the study. RPE cells were harvested according to a previously published procedure [27] . Briefly, the eyes were autopsied within 6 hours from death and shipped in sterile medium. The anterior segment from each eye was removed by cutting around the iris. The vitreous body and the retina were carefully peeled away from the retinal pigment epithelium-choroid-sclera. Then, the retinal pigment epithelium-choroid was carefully separated from the sclera and placed face up in a small sterile Petri dish with 2 U/ml Dispase (Roche, Indianapolis, IN) prepared in Ca 2+ and Mg 2+ free Hank's balanced salt solution. After incubation at 37°C for 1 hour with occasional shaking, the supernatant was carefully aspirated and transferred into a sterile centrifuge tube. The tube was then centrifuged at 1000 rpm for 5 min and the pellet was resuspended gently in the Dulbecco's modified Eagle's medium (DMEM)/F12 (GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1 mM NEAA (GIBCO), 2 mM Glutmax (GIBCO), and 100 U/mL penicillin and streptomycin. The suspended cells were transferred to T25 culture flasks coated with matrigel (1:100, BD Biosciences, San Jose, CA).
Cell Culture and Treatment
Human retinal pigment epithelial cell line (ARPE-19) and human primary retinal pigment epithelial cells were cultured in DMEM containing 10% FBS. Cells were grown in a humidified 37°C incubator with 5% CO 2 and dissociated with 0.25% trypsin-0.02% ethylenediaminetetraacetic acid (EDTA). Cells were seeded in six-well plates with the density of 1×10 5 cells/well, and treated with DMSO, MG132 (Sigma-Aldrich, St. Louis, MO, USA), or 10 ng/mL TGFβ2 (Cell Signaling Technology, Danvers, MA, USA) for indicated time. All treatments were carried out when the cells reached approximately 75% confluence (except the scratch wound assay).
Cell Viability Assay
Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8) assay. 100 μL ARPE-19 suspension at a concentration of 2×10 4 cells /mL was seeded in a 96-well plate. After incubation for 24 hours, cells were treated with indicated reagents. Each group had five duplicate wells. After 0, 12, 24, 36, 48, and 60 hours of treatment, 100 μL culture medium with 10 μL CCK-8 reagent (Jinxin Company, Guanghzou, China) was added to each well. After incubation for 1 hour, the Optical density (OD) values at 450 nm were measured with a microplate reader. The assay was repeated 3 times.
Scratch Wound Assay
The cells were seeded on a 6-well plate with the concentration of 1.5 x 10 5 cells/well, and cultured for 24 hours to reach 90% confluence. The cell monolayer was wounded by a 200 μl micropipette tip and washed with PBS for four times to remove cell debris. Then the cells were incubated in 0.5% FBS medium with or without MG132 and TGFβ2 for 24 hours. Migration of cells into the wound area was examined by an inverted microscope and photographed in a digital format (×100). Cell migration area was analyzed using ImagePro Plus 6.0 (Media Cybernetics, Inc. Silver Spring, MD, USA). In each group, six randomly chosen microscopic fields were analyzed, and the average cell migration index was calculated. Cell migration index = (1-non-invading area/total wounded area) ×100%.
Western Blot
For total protein extraction, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer with protease inhibitor cocktail. After mixing with 5× SDS sample buffer, protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinyl difluoride (PVDF) membranes (Bio-Rad). The membrane was blocked in 5% nonfat milk and incubated with primary antibody at 4°C overnight, and washed with PBST (0.1% Tween-20 in PBS). Then the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at room temperature. Protein bands were detected with chemiluminescence detection reagents. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or β-actin were used as loading controls. Quantitative analysis was done using Image J 1. 
RNA Extraction and Quantitative PCR
Total RNA was extracted from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. RNA concentration was measured spectrophotometrically at 260 nm. To eliminate genomic DNA contamination, we also treated the samples with DNase I at 37°C for 20 min. A total amount of 2 μg RNA was used for reverse transcription to cDNA using a reverse transcription kit (Takara, Siga, Japan). SYBR PrimeScript RT-PCR kit (Takara) was used to amplify target genes by the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). GAPDH was used as an internal control. Primer sequences were listed in Table  1 . All the primers were synthesized by Beijing Genomics Institute (Beijing, China).
Immunofluorescence Staining
Cells were seeded on Millicell EZ 4-well glass slides (Millipore, MA, USA). After treatment for indicated time, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked with 1% bovine serum albumin (BSA). Cells were then incubated with primary antibodies at 4°C overnight, and
. Cell nuclei were stained with 50 ng/ml 4',6-diamidino-2-phenylindole (DAPI) for 5 min. Slides were mounted with anti-fade fluorescent mounting medium (Applygen, #C1210). Images were acquired by a Zeiss LSM 510 confocal laser scanning microscope (CLSM, Carl Zeiss, Germany) and processed by Adobe Photoshop CS6.
Statistical Analysis
All data were presented as means ± S.D. SPSS 17.0 software package (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. One-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test was used to compare means among three or more groups. All statistical tests were two tailed. P <0.05 was considered statistically significant.
RESULTS
Proteotoxic Stress Suppresses Proliferation, TGFβ-induced EMT and Migration of ARPE-19
To induce proteotoxic stress, we treated ARPE-19 with MG132, a potent and specific proteasome inhibitor that can lead to a dose-dependent and time-dependent accumulation of ubiquitinated proteins [28] [29] [30] . Upon treatment with 2.5 μM and 5.0 μM MG132 for 48 hours, we observed an accumulation of ubiquitinated proteins in ARPE-19 cells, indicating the blockage of protein degradation (Fig. 1A) . The proliferation of ARPE-19 cells was significantly inhibited upon treatment with MG132 for 36, 48, and 72 hours (Fig. 1B) . We next investigated the effect of proteasome inhibition on TGFβ-induced EMT. Treatment of ARPE-19 with TGFβ for 48 hours resulted in a significant increased expression of typical mesenchymal markers, including α-SMA, fibronectin, and vimentin, suggesting that the cells underwent EMT. Treatment with MG132 significantly suppressed TGFβ-induced EMT, as evidenced by a decrease in the protein levels of α-SMA, fibronectin, and vimentin (Fig. 1C-E) . Moreover, we examined the transcription of these mesenchymal markers by measuring the mRNA transcript levels. We found that TGFβ treatment significantly induced transcription of α-SMA, fibronectin, and vimentin, which could be blocked by co-treatment with MG132 (Fig.  1F) . These findings demonstrated that the reduction of these mesenchymal markers under proteotoxic stress directly resulted from transcriptional downregulation.
EMT facilitates cell migration by promoting the degradation of the underlying basement membrane [31] . During the formation of PVR and PDR, TGFβ contributes to the migration of RPE cells, glial cells, fibroblasts, and inflammatory cells [32] , and our group and others have shown that blockade of TGFβ-induced EMT could significantly inhibit cell migration [3, 33, 34] . However, direct inhibition of TGFβ signaling may not be an ideal therapeutic target, as TGFβ is pivotal for the maintenance of normal retinal structure and function [35] . To assess whether proteotoxic stress also negatively regulate the migration of RPE cells, we performed a wound scratch assay. We found that the migration of RPE cells was significantly enhanced upon TGFβ treatment for 24 h, which could be suppressed by adding MG132 ( Fig. 2A-B) .
Proteotoxic Stress Suppresses TGFβ-signaling Through Downregulation of TGFβ Receptor II in ARPE-19
To further dissect the mechanism of how proteotoxic stress regulates TGFβ-induced EMT and migration in RPE cells, we measured the phosphorylation level of Smad2, which was involved in the canonical TGFβ signaling pathway, as wells as the phosphorylation levels of ERK1/2 and FAK, which were involved in the non-canonical TGFβ signaling pathway [9, 10] . We found that upon treatment with TGFβ for 48 hours, the phosphorylation levels of Smad2, ERK1/2, and FAK were significantly increased, whereas the total expression level of these proteins remained constant (Fig. 3A-B) . The TGFβ-induced phosphorylation of Smad2, ERK1/2, and FAK could be suppressed by MG132 treatment (Fig. 3A-B) , indicating that both canonical and non-canonical TGFβ signaling were negatively regulated under proteotoxic stress. TGFβ signaling is initiated by TGFβ binding to TGFβ receptor type II (TGFβR-II), followed by its recruitment and phosphorylation of TGFβ receptor type I (TGFβR-I) [7, 8] . The expression levels of TGFβ receptors are tightly regulated to ensure appropriate physiological responses, and can be induced by the ligand TGFβ to potentiate ignaling [36] . We found an increased expression level of TGFβR-II upon TGFβ treatment in RPE cells (Fig. 3A-C) . Notably, the protein and mRNA levels of TGFβR-II were both significantly decreased upon MG132 treatment, suggesting that proteotoxic stress induced by MG132 negatively regulated TGFβ signaling through downregulation of TGFβR-II transcription in ARPE-19 ( Fig. 3A-C) .
Proteotoxic Stress Suppresses TGFβ-signaling Through Downregulation of TGFβ Receptor II in Primary Human RPE Cells
We next attempted to validate the above findings in isolated primary human RPE cells. The donor eyes were obtained from the eye bank of Zhongshan Ophthalmic Center. The pigment granules were preserved after the second passage (Fig. 4A, red  arrowheads) , and we harvest these cells to perform the experiments. Consistent with our findings in ARPE-19, TGFβ-induced EMT was significantly suppressed by MG132 treatment (Fig. 4B-D) . This negative regulation of TGFβ signaling under proteotoxic stress was attributed to the downregulation of TGFβR-II, and followed by reduced phosphorylation of Smad2, ERK1/2, and FAK (Fig. 5). 
DISCUSSION
The innermost layer of the eye, the retina, originates as outgrowths of the brain during development; thus, like other tissues derived from the central nervous system, the retina remains very limited regenerative capacity after adulthood [37] . The retina consists of the neural retina and retinal pigment epithelium. The retinal pigment epithelium is a highly specialized monolayer of pigmented cells that interact with the light-sensitive outer segments of the photoreceptors on its apical side, and with Bruch's membrane and the choriocapillaris on its basal side. The retinal pigment epithelium is essential for visual function due to its key roles in light absorption, metabolic exchange, ion transportation, visual cycle maintenance, phagocytosis, secretion, and immune modulation [38] . Diverse environmental stresses can cause injury or death of RPE cells, leading to irreversible vision loss [37] . Therefore, it is essential to understand the pathophysiological roles of retinal pigment epithelium in retinal health and diseases. Identifying pharmaceutical targets to maintain RPE health may potentially be the key to cure refractory retinal diseases.
Cell proliferation, migration, and EMT are the main contributors of various intraocular fibrotic disorders, including PVR, PDR, and postoperative capsule opacification after cataract surgery [39] [40] [41] [42] [43] [44] [45] . It is intriguing to study how clinically distinct diseases occur through shared biological processes, pathways, or molecules, and thereby developing novel therapeutic methods. In this study, we demonstrated that proteotoxic stress induced by proteasome inhibitor MG132 potently inhibits the proliferation, migration, and EMT of RPE cells in both ARPE-19 and human primary RPE cells.
Proteotoxic stress can trigger a complex of response pathways in the cytosol [46, 47] , endoplasmic reticulum [48] , mitochondria [49] , and nucleus [50] to restore or enhance proper protein folding and dampen cytotoxicity [51] . Proteotoxic stress has been extensively studied in neurodegeneration, cancer, aging, cardiovascular diseases. Our lab as well as others has shown that proteotoxic stress can be experimentally triggered by the proteasome inhibitor MG132 [52] [53] [54] [55] . However, the role of proteotoxic stress varies among different cell types. For example, proteotoxic stress can either promote [21, 23] or inhibit [24] [25] [26] EMT. Awasthi et al. reported that proteotoxic stress induced by the proteasome inhibitor MG132 could inhibit the EMT as well as proliferation in lens epithelial cells [56, 57] . More recently, Kaarniranta et al. found that the heat shock protein 70, ubiquitin protein conjugates and SQSTM1/p62 were upregulated in the basal corneal epithelial cells from macular corneal dystrophy samples as well as in the human corneal epithelial cells upon MG132 inhibition, suggesting a novel proteotoxic stress associated mechanism for macular corneal dystrophy [58] . As with lens epithelial cells and corneal epithelial cells, the epithelial phenotype is also essential for the proper function of RPE cells. The close but uncertain relationship between proteotoxic stress and EMT process strongly drives us to study the role of proteasome pathway in the RPE cells. Intriguingly, Tang et al. reported that non-lethal doses of proteasome inhibitors promotes the resistance of human RPE cells to oxidative injury through the activation of autophagy pathway [59] , the other main pathway working together with the proteasome pathway in the maintenance of proteostasis. In this study, we demonstrated that the proteotoxic stress induced by the proteasome inhibitor MG132 could suppress the EMT process in both human RPE cell line and primary human RPE cells. Moreover, our study found that the same proteotoxic stress inhibit the proliferation as well as migration in human RPE cells. Our findings collectively highlighted the potential of modulating proteotoxic stress levels in developing treatment against refractory retinal diseases, such as PVR and PDR, which share the common fibrotic pathologic changes during disease progress.
Another highlight of our study is that we, for the first time, showed the role of proteotoxic stress in decreasing the expression level of TGFβR-II and thus suppressing the TGF signaling pathway. This at least partially explain the molecular mechanism how proteotoxic stress induced by proteasome inhibition suppress the EMT process, especially upon TGF induction. EMT can be induced by various growth factors, including TGFβ, fibroblast growth factor (FGF), epidermal growth factor (EGF), and hepatocyte growth factor (HGF), which are essential regulators for cell proliferation, differentiation, and migration during development [60] [61] [62] [63] . We showed that in human RPE cells, proteotoxic stress induced by proteasome inhibition could suppress both canonical and noncanonical TGFβ signaling pathways, by decreasing the phosphorylation level of Smad2, ERK1/2 and FAK. This finding suggested that proteotoxic stress may function at a more upstream level of Smad2 and ERK1/2, in other words, at the level of TGFβ receptor. Consistent with this idea, we found that upon proteotoxic stress induced by proteasome inhibition, the TGFβ receptor was downregulated at both mRNA level and protein level. This suggested the role of proteotoxic stress in the TGFβ receptor gene expression (Fig. 6) . This finding is consistent with the report that nucleus also has a role in responding to proteotoxic stress [50] . However, the specific mechanisms how TGFβ receptor gene is downregulated upon proteotoxic stress need to be addressed in future studies.
CONCLUSION
In summary, our study demonstrated in both human RPE cell line and human primary RPE cells that proteotoxic stress induced by the proteasome inhibitor MG132 could suppress the proliferation, migration, and TGFβ-induced EMT. We also characterized that the suppression of TGFβ-induced EMT by proteotoxic stress is at least partially through the downregulation of TGFβ receptor gene expression. Our findings not only elucidated the role of proteotoxic stress in the cellular behaviors of human RPE cells, but also highlighted the potential of treating refractory retinal disorders such as PVR and PDR through the modulation of cellular proteotoxic stress level.
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